respectively. Generalizing to an annual rate suggests that total natural seepage in this region is of the order of at least 20,000 m 3 yr -1 (120,000 barrels yr-1).
INTRODUCTION
Seafloor seeps discharge oil into the word ocean. Accurately gauging the scale and distribution of this process is important because natural oil seepage represents a return leg in the global carbon cycle; because minute amounts of surfactant in the upper 1 mm of the ocean can affect climate by altering transfer rates of gas, water vapor, and momentum; and because oil reserves have economic significance. Direct estimates of seepage are problematic and have been limited to individual seeps [Allen et al., 1970] The digital image data from this scene were processed by Earth Satellite Corporation, Rockville, Maryland, in order to maximize the spectral differences among subtle oceanic and atmospheric features and suppress the noise inherent in digital satellite image data. The resulting black-and-white image (Figures 1 and 2 ) is a composite of significant infor- 
Pattern Interpretation
We used additional software routines in the AGIS library to measure slicks in the resampled Atlantis photograph and the TM image. The cursor in a large-format computer monitor was used to trace all distinct, positively or negatively contrasting features in the region of sun glint in the geocorrected photograph. Contrast stretch or edge detection routines were selectively applied to portions of the digitized photograph as an aid to distinguishing the outlines of the slicks. A large-format digitizing board was used to trace the slick features in the TM image (which were all negatively contrasting) on a 1:200,000-scale monochrome enlargement of the central 120-km by 120-km portion of the scene. We also used AGIS to compile a geographic information system that facilitated comparison among the imagery data, sea truth data, and submarine observations ( attempted to circumnavigate their evident boundaries. The Powell used the Global Positioning System for navigation and recorded its own position at 1-min intervals by use of a computerized data logger.
When sampling the slicks, two of us (R.D. and N.L.G.) used 5-by 30-cm strips of Nybolt cloth, which we clamped to a pole and gently laid on the sea surface. We were careful to sample off the windward bow of the moving ship and to rinse pole and clamp with methylene chloride between samples. The cloth strips were stored chilled before being sonicated and extracted with methylene chloride for analysis. Hydrocarbon composition in the slick samples was determined by gas chromatography with flame-ionized detection (GC-FID) by use of methods described by Brooks et al. [1985] .
Diving with the submarine Johnson Sea-Link enabled us to observe, photograph, and collect samples from seafloor hydrocarbon seeps. This four-person submarine dives to a maximum depth of 915 m and usually remains on the bottom for 2 to 3 hours. Dive sites were selected by observation of oil slicks on the surface, by observation of gas plumes in the water column that were detected with a 28-or 50-kHz echo sounder, or on the basis of 3.5-kHz seismic records that indicated gas in the sediments or the water column. Estimates for wind direction and velocity on the days when the images were collected were obtained from records of National Oceanic and Atmospheric Administration (NOAA) weather satellite data (Oceanweather, Inc., Cos Cob, Connecticut, written communication, 1993). Estimates were calculated as 3-hour averages at position 27ø45'N and 91ø15'W, which lies within the region designated area 1 (Figures 1, 2a, and 3 We collected samples from surface slicks at 26 locations during the sea truth exercise, which included the day of the TM scene (July 31, 1991), the 12-day period immediately prior to this date, and a second period of 12 days in August 1991 (Figure 3a ). Winds were light during this period, and sea state ranged from light chop to flat calm. Verbal descriptions of the oil record a variety of characteristics. In some cases, droplets of oil spread outward upon reaching the air-water interface and formed rainbowlike refraction patterns. Elsewhere, slicks formed a silver-gray sheen; emulsified oil or mousse was also collected. Shipboard and aerial observations confirmed the large extents of many of these slicks. The airborne observers were often able to track contiguous slicks over distances in excess of 5 km, and in at least one instance, the Powell was able to follow the boundary between a slick and oil-free water around a slick over 9 km in length. Other evidence also confirmed the presence of oil. A distinct petroleum odor in the vicinity of the slicks became quite pronounced in calm weather. found an extensive community of chemosynthetic tube worms (Lamellibrachia sp. nov.) and mussels (seep mytilid I, sp. nov., gen. nov.) at a water depth of 600 m. Collecting mussels with the scoop on the submarine's mechanical arm disturbed the substratum that the bivalves were resting upon. This caused an initial release of gas followed by a vigorous discharge of oil droplets and gas bubbles that continued unabated for at least as long as the submarine remained at the site (>20 min). Observers on the surface were able to watch these droplets breaking at the surface in the middle of an oil slick. The distance between the seafloor source and the point where the droplets were surfacing indicated that the lateral displacement of oil rising through the water column was <0.5 km. 
Estimates of Total
where Cd is the minimum detectable thickness of oil (centi- We estimated the range of possible seepage rates required to produce the slicks in the two images by solving (7) for the measured slick lengths (Table 2) Offshore oil production is another possible source; however, there is no oil production and little exploration at the water depths shown in the images [NOAA, 1985] . Currently, the deepest production platform (Conoco's tension-leg platform in Jolliet Field) is located at about 600-m water depth near the northern limits of the imagery. On balance, the amount of oil in the images is too great and its distribution is too irregular to have originated from human activity.
Chemical analyses of floating and benthic tar balls, however, argue that a substantial portion of these hydrocarbons These estimates of seepage rates were calculated by applying the lengths of slicks measured in the Atlantis photograph (N = 124) and the TM scene (N = 66) to equation (6). The advection rate u was 1 fixed at 20 cm s-on the basis of wind data. Estimates were calculated for a reasonable range of degradation half-lives and threshold visibility thicknesses. produced from nongulf oils. These findings are at variance with our estimate of seep rates. One explanation is that slow, diffuse seepage that disperses in thin surface slicks will not produce the heavy tar balls that Alcazar et al. [1989] analyzed. We conclude that the features in the two images are predominantly formed by naturally seeping oil.
Effects of Seepage
Hydrocarbon seepage from the seafloor has been detected on the basis of geophysical data [Behrens, 1988] . These collections were not conducted as a comprehensive search of the continental slope; they generally targeted areas where subsurface oil reservoirs were suspected to occur. Consequently, the set of known macroseeps has been compiled with a process biased by previous exploration. Furthermore, the water depths of areas explored by submarines were generally limited to less than 1000 m by the performance ratings of the submarines. These point samples of seepage rarely offer a comprehensive, objective assessment of seepage across the entire region.
Use of remote sensing as a means for detecting natural oil slicks can provide a regional overview of total seepage. Natural oil seepage is thought to be common in certain offshore regions of the world, e.g., offshore of California, Alaska, and West Africa. Remote-sensing data could give an initial estimate of the hydrocarbon potential in a new region and do so at relatively low cost. This application is not without difficulties, so apparent oil slicks should be used to direct exploration effort, not to downgrade areas. 
Regional Significance of Natural Seepage
The coincidence of slicks and chemosynthetic communities suggests that remote-sensing imagery could be used to assess the regional abundance and regional distribution of this fauna in the Gulf of Mexico. MacDonald et al. [1990] predicted that hydrocarbon seep communities were distributed over the entire continental slope, even though all but one of the known communities were found at water depths of less than 750 m. A seep community from the Alaminos Canyon lease area in 2200-m water depths supported this supposition . Taken with the Alaminos Canyon finding, the present results suggest that the potential range for hydrocarbon seep communities extends over the entire continental slope in the northern gulf. Because the density of seeps indicated by surface slicks clearly exceeds the density of known communities in the region that has been explored, estimates for the overall abundance of these communities should be revised upward. However, the correlation between surface slicks and seep communities has been demonstrated in only a few of these locations. Substantial seepage has been observed at sites uncolonized by chemosynthetic fauna [Roberts and Neurauter, 1990 ]. Char-acterizing the diversity of seafloor seeps will require additional exploration.
The rates of oil seepage estimated from our analysis of the Atlantis and TM images are high compared to estimated release from shipping but are similar to estimated discharge from a marine seep off Coal Oil Point, California, which was estimated by Allen et al. [1970] as 8 to 12 m 3 d -1 (50 to 70 barrels d-i). Adjusting for the total imaged area and normalizing to a rate of per 1000 km 2 d -1 (Table 3) , seepage in the region is comparable to the moderate to high rates of seepage given by Wilson et al. [1974] . These authors, however, characterized the Gulf of Mexico as a low-seepage region and further suggested that in general, little seepage should be expected on the continental slope. The distribution of hydrocarbons in seafloor sediments indicates that the gulf is a leaky hydrocarbon system with relatively high seepage rates . The remote-sensing data support the latter viewpoint. If the seepage rates estimated from the imagery are generalized to an annual rate, the lower bound for natural seepage in the region would be on the order of 20,000 m 3 yr -1 (120,000 barrels yr-1).
Whether the probable total oil reserves in the gulf could sustain seepage at this rate over geological time is a contentious issue and has been challenged by Kvenvolden and Harbaugh [1983] and Miller [1992] . Current rates of leakage could be atypically high because of Pleistocene sediment loading that affects movement of salt and faults and because oil migration from the source rock is contemporaneous with sediment loading [Nunn and Sassen, 1986] . The distinguishing feature of the present work is that it attempts a regional estimate of the rates based on empirical observation. A detailed photograph of slicks (Plate 2) shows that multiple sources in close proximity can produce a broad area of high reflectance that dwindles to a single, narrow line downstream. MacDonald et al. [1990] suggest that most seeps occupy bottom areas at least 100 to 500 m across. Furthermore, the seeping oil will tend to drift with midwater currents as it rises through the water column. The slick forming over a seep may therefore occupy a fairly broad area before any surface spreading has occurred. If the resolution of the imagery were insufficient to distinguish the individual oil plumes or if wind data were lacking, one might misinterpret the trailing end of a slick as its source.
Interpretation of Remotely Detected
Another difficulty with multiple sources in close proximity is that our model proposes that a cross section of a slick represents a Gaussian distribution of thickness with a single mode. Clearly, interpreting multiple thin streams as a single plume will contribute sources of error to estimates of seepage. The values in Table 1 should make it clear that assumptions regarding threshold visibility thickness, downstream drift velocity, and degradation rates for oil slicks will also influence the estimates for seepage rates. Furthermore, the threshold thickness will also depend upon the type of sensor used to image the slicks. Synthetic aperture radar imagery, for example, is most effective when sea states are higher than was the case for the images discussed here [Ochadlick et al., 1992] . However, the seepage rates in Table 2 range over only 1 order of magnitude, so our general conclusions regarding seepage will not be altered by modifying the assumptions regarding slick thickness and persistence. Moreover, assumptions regarding all of the parameters can be tested by empirical observation. We hope that our results will be challenged through further research.
CONCLUSIONS
The space shuttle offers a useful platform for observation of marine oil seepage, in part because the crew can intelligently monitor and interpret patterns on the sea surface. Generally, orbital remote sensing provides the means for detecting previously unknown oil seeps and for acquiring a time series of surface slicks from known seeps. Estimates of seepage rates and surface advection can be derived from images of surface slicks by means of simple measurement. The Gulf of Mexico continental slope is confirmed as a region with high natural oil seepage where the input of hydrocarbons into the water column is substantial.
